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I. INTRODUCTION
Ternary relaxor-based ferroelectric single crystals xPb(In 1/2 Nb 1/2 )O 3 -(1 À x À y) Pb(Mg 1/3 Nb 2/3 ) O 3 -yPbTiO 3 (PIN-PMN-PT) with compositions near the morphotropic phase boundary (MPB) have attracted much attention in recent years for their comparably large piezoelectric and electromechanical properties to that of binary (1 À x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-PT) single crystals and much higher coercive fields and Curie temperature. [1] [2] [3] [4] [5] [6] Though PIN-PMN-PT single crystals have improved mechanical quality factors (Q m $ 100) compared to PMN-PT single crystals (Q m < 80), their Q m are still much too low compared with that of highpower piezoelectric ceramics (Q m > 1000), which significantly hampered their application potential for high-power or resonant-based devices. [7] [8] [9] Recently, much attention has been focused on the effect of additive on relaxor-PT single crystals, especially manganese (Mn) and iron (Fe) substitutions. [10] [11] [12] It was found that the Fe substitution could enhance the stability of the ferroelectric orthorhombic (FE O ) state of the crystal, resulting larger piezoelectric coefficient, while Mn substitution is effective in inducing hard characteristics, results in larger mechanical quality factor Q m and coercive field E c . In order to get a complete picture of the doping effect, the complete matrix of material constants for undoped and Mn-doped ternary relaxor-PT ferroelectric single crystals need to be characterized. More importantly, these complete set of material properties are also essential for the design of electromechanical devices using these crystals.
In this work, we have characterized the complete set of elastic, piezoelectric, and dielectric properties of [001] c and [011] c poled pure and 0.5 wt. % Mn-doped 0.24Pb(In 1/2 Nb 1/2 ) O 3 -0.47Pb(Mg 1/3 Nb 2/3 )O 3 -0.29PbTiO 3 (0.24PIN-0.47PMN-0.29PT) ternary single crystals. This composition is only slightly away from the MPB on the rhombohedral phase side, which are selected for their better temperature stability than MPB composition. Four sets of full matrix material properties were determined using combined resonance and ultrasonic methods because the crystals were poled along [001] c and [011] c of the pseudo cubic directions. These self-consistent data sets are much needed for both fundamental understanding of the nature of the ultra-high piezoelectric properties arch as well as input for the design of high-power electromechanical devices using finite element packages. Moreover, the effect of Mn doping on the mechanical quality factor and electromechanical properties of 0.24PIN-0.47PMN-0.29PT single crystals can be quantitatively revealed.
II. EXPERIMENTAL PROCEDURE
The pure and 0.5 wt. % Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals used in this work were supplied by H.C. Materials Corp. (Bolingbrook, IL). The crystal boule was grown by the modified Bridgman method and it was found that the content of PIN is insensitive to composition segregation, but the PT content varies along the growth direction. 5 Samples of desired geometries were cut from the same cross section slice of a crystal boule grown along [011] c crystallographic direction to maintain the composition uniformity. The dopant amount of Mn was evaluated by the scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) (FEI Quanta 200) to be $0.5 wt. %.
The as-grown crystals were oriented by the Laue machine with an accuracy of 60. 5 . Each sample was cut and polished into a parallelepiped with the orientations of data sets. 13, 14 The dimensions and geometries of samples in resonance measurements were specified by the IEEE standards on piezoelectricity. 15 The resonance and anti-resonance frequencies were obtained by a HP 4194 A impedance-phase gain analyzer. The phase velocities of the longitudinal and shear waves were used to calculate the elastic constants together with the density, which was measured by the Archimedes's principle.
III. RESULTS AND DISCUSSION
[001] c -poled 0.24PIN-0.47PMN-0.29PT single crystal shows tetragonal 4 mm symmetry macroscopically, which has 11 independent material constants: 6 elastic, 3 piezoelectric, and 2 dielectric constants. But [011] c -poling induces macroscopic orthorhombic mm2 symmetry, which has 17 independent material constants: 9 elastic, 5 piezoelectric, and 3 dielectric constants. We have experimentally determined the complete sets of elastic, piezoelectric, and dielectric constants for both [001] The mechanical quality factor Q m was computed using the relation
where f r is the resonance frequency and f 1 and f 2 are frequencies at 3 dB down the maximum admittances. Table II compares The coercive field of Mn-doped crystal (E c $ 8.9 kV/cm) is much larger than that of pure PIN-PMN-PT crystal (E c $ 5.7 kV/cm) and the remnant polarization also increased from 26.7 lC/cm 2 to 28.2 lC/cm 2 . The product dÁQ is a very important factor for a piezoelectric resonator because at the resonance frequency, an approximation of the strain x of a longitudinally vibrating bar is given by 16 
where d 31 is the transverse piezoelectric constant. This equation shows that an increase of the field induced strain can be obtained by increasing either Q m or d 31 . Generally speaking, the higher the Q m , the narrower is the resonance peak, and accordingly, the higher is the displacement. 11 The enhancement in Q m will lead to reduced self-heating effect, 17 so as to increase the achievable vibration amplitude. The products dÁQ for [001] c and [011] c poled pure and Mn-doped PIN-PMN-PT single crystals were also listed in Table II . Although piezoelectric constant decreases when Mn-doping modification is introduced, the net result is that the modified crystals have greater dÁQ product than undoped crystals. These indicate that the Mn-doped PIN-PMN-PT single crystal has a higher vibration level compared to the pure PIN-PMN-PT single crystal. Therefore, Mn-doped PIN-PMN-PT crystals are more suitable for high-power applications.
As mentioned above, Mn ion can make the 0.24PIN-0.47PMN-0.29PT single crystals to become "harder." It is known that the "soft" and "hard" characteristics are mainly affected by defects in PZT piezoelectric ceramics. Substituting B sites by lower valence cations (Fe, Mn, Ni, Co) would induce hard piezoelectric behavior. 18 In crystal, doping ions prefer to substitute the ions with equal valence and similar radii according to crystal chemistry principle. It has been demonstrated that Mn acts in the relaxor-PT single crystal as Mn 2þ by electron spin resonance (ESR) mesurements. 12, 18, 19 The radius of Mn 2þ is close to that of Mg 2þ , Nb 5þ , or Ti 4þ , hence Mn 2þ can be incorporated onto B sites, and oxygen vacancies are created for the charge compensation resulting in defect dipole pairs. 20, 21 The dipole pairs pin the domains, which suppress the dielectric response. In this way, the Mn ion produces "hardening" effects on the 0.24PIN-0.47PMN-0.29PT single crystals.
IV. SUMMARY AND CONCLUSIONS
We have determined the complete sets of elastic, piezoelectric, and dielectric constants for [001] c and [011] c poled pure and Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals. These self-consistent complete set of material coefficients are very useful for the design of high-power electromechanical devices as well as for theoretical studies on these relaxor-based domain-engineered single crystals. 0.5 wt. % Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals possess mechanical quality factors as large as 4-5 times of that of undoped PIN-PMN-PT single crystals. Although the piezoelectric coefficient is slightly reduced, the product dÁQ is still more than 3 times higher than that of the Mndoped single crystals compared to the undoped PIN-PMN-PT. Therefore, Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals are much more suitable for high-power electromechanical applications.
